American trypanosomiasis is a disease of humans that is caused by the protozoan Trypanosoma cruzi of the family Trypanosomatidae. T. cruzi is estimated to affect ϳ20 million people, mainly in the areas of South and Central America, Mexico, and the southern United States (47, 48) . Upon infection, human patients exhibit acute flu-like symptoms and then enter an indeterminate phase wherein they exhibit no clinical disease symptoms (19, 35) . Approximately 40% of the infected patients, however, progress to the chronic phase, which is characterized by myocardial inflammation, fibrosis and necrosis, and cardiac dysfunction, eventually leading to heart failure (19, 33) . Chemotherapies for the treatment of both acute and chronic patients are of limited use due to high toxicity and poor efficacy of the available drugs (40) . No vaccines are available against T. cruzi.
An understanding of the protective immune responses that can effectively arrest pathogen survival in the mammalian host is critical for the development of vaccines against any infectious disease. Fortunately, a number of studies conducted in the last decade have defined the effector mechanisms required for the control of T. cruzi infection (6, 24, 41) . These studies have led to the conclusion that defined antigens capable of inducing strong neutralizing lytic antibody and cytotoxic T-cell responses would likely constitute an effective vaccine that can provide protection from T. cruzi infection.
In recent studies, we and others have shown the potential utility of T. cruzi surface antigens as vaccine candidates. Several reports demonstrated the capacity of complement regulatory protein, paraflagellar rod protein, and trans-sialidases (TS), all expressed as surface antigens in T. cruzi, to elicit antiparasite immune responses capable of enhancing the survival of infected mice (9, 29, 31, 37, 38) . We have shown the protective efficacy of the TS family members, namely, amastigote surface proteins ASP-1 and ASP-2 and trypomastigote surface antigen TSA-1, as DNA vaccines. DNA immunization plasmids incorporating these genes, singly or together, provided substantial resistance to T. cruzi infection in mice that was further enhanced by codelivery of cytokine adjuvants (16, 46) . Altogether, these results have established the immunogenic potential of parasite surface antigens and suggested their utility as vaccine candidates in controlling T. cruzi infection and disease.
It is, however, important that the protective immunity afforded by all of the vaccination regimens that have been tested thus far is partial and fails to prevent infection or death in 100% of the immunized animals. Researchers failed to induce sterile immunity with TSA-1, ASP-1, and ASP-2 in C57BL/6 and BALB/c mice (16, 46) or any immunity in C3H/HeSnJ mice (15) . This may be because these genes comprise a very restricted subcomponent of the TS gene family and represent only a minor proportion of all of the possible target molecules in T. cruzi. The immune responses elicited by these antigens might not, therefore, be of sufficient magnitude to efficiently control T. cruzi. Identification of additional vaccine candidates would enhance efforts toward developing a multicomponent DNA vaccine capable of increasing the protective immunity induced by TS family members and other antigenic targets.
In this study, we aimed to identify by computational analysis of T. cruzi sequence databases novel, parasite-specific surface antigens that are not members of large gene families and might have utility as vaccine candidates. We employed a combination of web-based bioinformatic tools for global similarity searching and software predictive of targeting, localization, and expression in different cellular compartments. The mining of ϳ2,500 sequences in expressed sequence tag (EST) and genomic sequence survey (GSS) databases identified 19 sequences that exhibited characteristics of secreted and/or membrane-associated glycosylphosphatidylinositol (GPI) proteins. We report the antigenic characteristics of eight of the selected candidates (TcG1, TcG2, TcG3, TcG4, TcG5, TcG6, TcG7, and TcG8 [TcG1-TcG8]). TcG1-TcG8 genes are highly conserved in diverse, clinically relevant strains of T. cruzi and encode surface antigens that are expressed in multiple stages of the parasite. Antibodies to these antigens were induced in immunized mice, of which a majority exhibited trypanolytic activity. Together, our results validate the applicability of bioinformatics in rapid genome mining and the identification of trypanosome membrane-associated proteins that are potential vaccine candidates.
MATERIALS AND METHODS
Parasites and mice. T. cruzi epimastigotes were cultivated axenically at 28°C in liver infusion-tryptose medium (46) supplemented with 5% heat-inactivated fetal bovine serum (HyClone). The C2C12 cells were purchased from the American Type Culture Collection and maintained in complete RPMI 1640 medium (HyClone). Trypomastigotes of T. cruzi were maintained and propagated by continuous in vitro passage of parasites in monolayers of C2C12 cells (32) . Amastigotes were obtained by incubation of the freshly harvested trypomastigotes in RPMI-10% fetal bovine serum medium, pH 5.0, at 37°C and 5% CO 2 for 2 h (43). C3H/HeN male mice (6 to 8 weeks old) were obtained from Harlan Laboratories. Animal experiments were performed according to the National Institutes of Health Guide for Care and Use of Experimental Animals and approved by the University of Texas Medical Branch Animal Care and Use Committee.
In silico analysis. T. cruzi EST and GSS databases from the European Bioinformatics Institute consisted of ϳ22,000 and ϳ10,000 sequences, respectively, and were analyzed from July 2000 to October 2001. We performed TBLASTX analysis (1, 2) of the T. cruzi sequences against the nonredundant (NR) sequence database provided by the National Center for Biotechnology Information (NCBI), National Institutes of Health, Bethesda, Md. A cutoff "expect" value of 10
Ϫ5 was used for all database searches. T. cruzi sequences that exhibited no homology to sequences in public databases were translated into amino acid sequence by a TRANSLATE tool at the Expert Protein Analysis System (ExPASy) website (http://www.expasy.com) (3) . The open reading frames (ORFs) were analyzed for the identification of protein-sorting signals and localization sites by PSORT (27) . The N-terminal signal sequence and the signal peptide cleavage site were identified by SignalP (28) . The GPI signal sequence and the cleavage-attachment (C/A) site were determined by DGPI from D. Buloz and J. Kronegg at the Swiss Institute of Bioinformatics, University of Geneva, Geneva, Switzerland (http://www.expasy.com). Prediction of domains or motifs suggestive of putative functions of proteins was performed by using SMART (Simple Modular Architecture Research Tool) and CDD (Conserved Domain Database) tools available at the NCBI website. The major histocompatibility complex (MHC) class I and class II epitopes were identified by Propred (39) and the HLA Bind tool available at the ExPASy website (3). Sequence alignment was performed by ClustalW (http://www.expasy.com).
RNA isolation and cDNA synthesis. For total RNA isolation, T. cruzi epimastigotes were harvested by centrifugation at 3,000 ϫ g for 10 min, washed twice with cold phosphate-buffered saline (PBS), and suspended in guanidine-phenol solution (10 9 parasites/ml). Parasites were homogenized, and the total RNA was extracted as described previously (8), with slight modifications (14) . First-strand cDNA was synthesized by incubation of total RNA (5 g) with 2.5 U of Moloney murine leukemia virus reverse transcriptase (New England Biolabs) and oligo(dT) 16 at 42°C for 1 h in a 20-l reaction volume and stored at Ϫ20°C until further use.
Cloning and sequencing of TcG1-TcG8. Genes TcG1-TcG8 were amplified from epimastigote cDNA in a PCR with universal splice leader, present upstream to the start codon (ATG) in mRNA-cDNA of trypanosomes (25) , as forward primer and gene-specific reverse primer (listed in Table 1 ). Individual amplicons (10 l) were resolved on 1% agarose gels, stained with ethidium bromide, and visualized and photographed with a FluorChem imaging system (Alpha Innotech). Amplicons were purified by using a DNA extraction kit (QIA-GEN) and cloned into a pCR2.1 T/A cloning vector (Invitrogen). All cloned sequences were confirmed by restriction digestion and sequencing at the Recombinant DNA Core Facility at the University of Texas Medical Branch and analyzed with various web-based software. (Fig. 2 ), for expression analysis (Fig. 3) , and for cloning the genes in genetic immunization constructs.
Expression at the mRNA level. We determined the expression of the selected genes by traditional semiquantitative reverse transcription-PCR (RT-PCR). Total RNA and cDNA from the epimastigote, trypomastigote, and amastigote forms of T. cruzi were obtained as described above. The cDNA (2 l) from each stage was subsequently amplified by PCR in a 50-l reaction volume using 2.5 U of Taq polymerase and 1 l of 20 M gene-specific forward and reverse primers (Table 1) . Individual amplicons (10 l) were electrophoresed and imaged as described above. GAPDH (22) and GPI8 (N. Garg, unpublished data) genes that are constitutively expressed in all three stages of T. cruzi were used as positive controls.
Phylogenetic conservation. Genomic DNA was isolated from different T. cruzi strains as described previously (26) . PCR amplification of the selected genes was carried out for 35 cycles in a 50-l reaction volume with 100 ng of genomic DNA and 1 l of 20 M gene-specific forward and reverse primers (Table 1) . PCRamplified products were resolved and imaged as described above. Genomic DNA from Leishmania major and Trypanosoma brucei were also used as templates in parallel reactions.
DNA immunization and serum collection. The cDNAs encoding TcG1 (1 to 166 amino acids), TcG2 (1 to 220 amino acids), TcG3 (1 to 337 amino acids), TcG4 (1 to 92 amino acids), TcG5 (1 to 450 amino acids), and TcG6 (1 to 252 amino acids) were amplified by PCR. Forward and reverse oligonucleotides for the amplification of TcG1-TcG6 cDNAs were designed to incorporate BamHI, Hind III, or XbaI restriction sites for directional cloning ( Table 1 ). The amplified products were first cloned into the pCR2.1 T/A vector and subcloned into eukaryotic expression vector pCDNA3.1 (Invitrogen) at the BamHI/XbaI or HindIII/XbaI site. The eukaryotic expression plasmid encoding murine granulocyte-macrophage colony-stimulating factor (pCMVI.GM-CSF) was provided by S. A. Johnston of the University of Texas Southwestern Medical Center, Dallas, Tex.
Male C3H/HeN mice (four mice per group) were injected in the quadriceps muscle with pCDNA3.1 containing TcG1-TcG6 (individually) plus granulocytemacrophage colony-stimulating factor-encoding plasmid (33 g of each DNA per mouse). Mice were boosted twice at 3-week intervals and sacrificed 1 week after the last immunization. Polyclonal serum was collected by centrifugation of blood samples at 3,000 ϫ g at 4°C for 10 min. Hyperimmune serum was obtained from mice infected twice with culture-derived trypomastigotes (10,000 parasites per mouse) at a 30-day interval.
ELISA. Culture-derived T. cruzi lysates (70% amastigotes and 30% trypomastigotes, 1.0 ϫ 10 9 parasites/ml) (34) were used as a source of T. cruzi antigens for capturing serum antibodies (16) . Briefly, 96-well polyvinyl chloride plates (BD Biosciences) were coated overnight at 4°C with 100 l of T. cruzi antigen/well (5 ϫ 10 5 parasite equivalents/well). Plates were blocked with 200 l of 1% nonfat dry milk/well in PBS, washed with PBS-0.05% Tween 20 and PBS, and then incubated for 2 h with test serum (1:20 dilution, 100 l/well) added in twofold dilutions in triplicate. After washing, plates were incubated for 30 min with 100 l of horseradish peroxidase-labeled goat anti-mouse immunoglobulin G (1: 5,000 dilution in PBS-0.05% Tween 20-1% nonfat dry milk) (Cappel)/well. Color was developed with 100 l of Sure Blue TMB substrate (Kirkegaard & Perry Laboratories)/well, and the optical density was measured at 650 nm by using an automated enzyme-linked immunosorbent assay (ELISA) microplate reader (Bio-Rad).
Flow cytometry. Surface expression of the selected antigens was determined by flow cytometric analysis as described previously (17) . Briefly, parasites were harvested and washed in PBS containing 0.1% bovine serum albumin and 0.1% sodium azide (PAB). For each assay, 10 6 parasites were suspended in 50 l of PAB and sequentially incubated on ice for 30 min with the serum sample (1:2 dilution) and fluorescein isothiocyanate-labeled goat anti-mouse immunoglobulin antibody (1:50 dilution in PAB). Following incubation, parasites were fixed with 2% paraformaldehyde and analyzed by flow cytometry on a FACScan apparatus (BD Biosciences). Parasites stained with anti-MHC antibody (Y3), anti-GPI8 antibody, or normal mouse serum (NMS) were used as negative controls. Positive control antibody was C10 (kindly provided by M. Fresno, Centro de Biologia Molecular, Universidad Autonoma de Madrid, Madrid, Spain) against GP50/55 protein, known to be constitutively expressed as GPIanchored protein in all stages of parasite development (18) . In some experiments, we used parasites stained with serum from chronically infected mice (chronic mouse serum [CMS]) (180 days postinfection) as a positive control. Flow data were analyzed by Cell Quest software (BD Biosciences).
Agglutination-trypanocidal assay. T. cruzi epimastigotes or trypomastigotes were washed and suspended in RPMI 1640 medium (5 ϫ 10 4 parasites/25 l). Epimastigotes were incubated at 37°C with a 25-l twofold dilution of serum samples. After 4 h of incubation, the live, freely moving parasites were counted by light microscopy. All samples were analyzed in triplicate, and the percent agglutination of epimastigotes was calculated by the following equation: (total parasites Ϫ freely moving, unagglutinated parasites after incubation/total parasites) ϫ 100.
To determine the trypanocidal activity of the antigen-specific antibodies, trypomastigotes were incubated with a twofold dilution of serum samples (as described above) Ϯ human complement (25 l/well). After incubation, live parasites in the presence of 0.03% trypan blue-PBS were counted. Controls included parasites incubated with preimmune serum Ϯ heat-inactivated complement or complement alone. The percent trypanocidal efficiency was calculated by the following equation: (total trypomastigotes Ϫ live trypomastigotes after incubation/total parasites) ϫ 100.
Nucleotide sequence accession numbers. The nucleotide sequences of the genes encoding the selected antigens described here have been submitted to GenBank under accession numbers AY727914, AY27915, AY727916, AY727917, AY727921, AY727918, AY727919, and AY727920 for TcG1 to TcG8, respectively.
RESULTS

Bioinformatic analysis of the EST and GSS databases.
We conducted bioinformatic analysis of the T. cruzi sequence databases to identify novel parasite-specific genes encoding potential vaccine candidates. Our first criterion was the identification of sequences that lack homology to the genes already known in trypanosomes, to the members of the repeat gene families like trans-sialidases and mucins, and to the housekeeping genes or other genes present in higher eukaryotes. The primary criterion for selection as a putative vaccine candidate was the presence of signal sequences or motifs predictive of expression as secreted or membrane-associated proteins. The strategy for this analysis is shown in Fig. 1 and discussed below.
We first analyzed the T. cruzi EST and GSS sequence databases for homology to sequences in the NR sequence database at NCBI by using BLASTN and TBLASTX (1, 2). As shown in Table 2 , 57.2% of GSS sequences were identified as members of the repeat gene families, including TS, mucins, short interspersed repetitive elements, histones, retrotransposons, heat shock proteins, and ribosomal DNA (4, 13, 45 that share significant sequence homology and interfere with the identification of novel genes. In addition, ϳ16% of GSS sequences either were too short (Ͻ200 bp), lacked an ORF due to the presence of several stop codons, or consisted of repeats that were not family members but represented genes sequenced and reported multiple times. A majority of the GSS database (Ͼ73%), therefore, represented redundant sequences that were not useful for identification of novel genes. In comparison, only 15% of the EST sequences were identified as the repeat gene family members. After filtering out the ESTs that were less than 200 bp or that lacked the ORF, ϳ66% of the EST database was NR and considered useful in identifying novel, parasite-specific genes ( Table 2 ). The BLAST search of the NR sequences, i.e., 399 GSS (27%) and 619 EST (66%) sequences, identified homologues in public databases for 29.2% of the EST and 9.2% of the GSS sequences (Table 2 ). Approximately 5% of the EST and 4% of the GSS sequences included in this group exhibited homology to trypanosomatid sequences in a parasite-specific manner and might be good candidates for drug design. Next, we screened the T. cruzi ORFs exhibiting no homology in public databases, i.e., 348 EST and 260 GSS sequences (Table 2) , for the motifs predictive of targeting and cellular localization by PSORT (27) , SignalP (28) , and DGPI algorithms. This in silico analysis identified 17 EST and 2 GSS sequences exhibiting motifs typical of membrane-associated GPI proteins and/or secreted proteins, which are listed in Table 3 .
We validated the accuracy of the bioinformatics approach for the identification of ESTs encoding putative membraneassociated proteins by conducting a similar analysis of the TS and mucin gene family members. Trans-sialidases and mucins are well-characterized antigens known to be expressed as GPIanchored proteins in T. cruzi (10, 11, 36) . Of the 30 TS family members analyzed, 17 (56.6%) were predicted by PSORT to be targeted to the plasma membrane. SignalP and DGPI identified an N-terminal signal sequence in 19 (63.3%), a C/A site in 28 (93.3%), and a GPI addition signal in 13 (43.3%) TS family members. Of the 21 mucin gene family members analyzed, all (100%) were predicted to contain an N-terminal signal sequence and a C/A site, 11 (52.3%) were identified to contain motifs for a GPI addition signal, and 15 (71.4%) were identified to be localized on plasma membrane. Collectively, Ͼ90% of the TS and mucin family members were accurately predicted by at least two algorithms as membrane-associated GPI proteins.
Molecular characterization of the selected ORFs. By using universal splice leader as forward primer and the gene-specific reverse primers (designed on the basis of the sequence of the selected 19 EST or GSS sequences), we successfully amplified 13 amplicons by traditional RT-PCR. Sequencing revealed that 5 of the 13 amplicons contain multiple stop codons with dispersed short ORFs and may encode pseudogenes. The remaining amplicons encoded ORFs (TcG1-TcG8) of varying size, with TcG4 and TcG7 being Ͻ500 bp; TcG1, TcG2, and TcG6 being 500 to 1,000 bp; and TcG3, TcG5, and TcG8 being Ͼ1,000 bp in size (Table 4 ). Bioinformatic analysis of the cloned sequences (TcG1-TcG8) identified at least two motifs in each encoded protein suggestive of targeting to the secretory pathway and expression as a membrane-associated protein.
Interestingly, though no homologues were identified by BLAST screening of the selected EST and GSS sequences, TBLASTX analysis of the amplified products (TcG1-TcG8) resulted in identification of motifs or domains suggestive of functional homologues to four of the cloned genes (Table 4 ). It is likely that BLAST search efficiency is limited with short EST and GSS sequences of 200 to 400 bp. TcG2, TcG4, TcG6, and TcG7 exhibited no clear paralogue in the NR database. These ORFs, however, showed a significant similarity to chromosome sequence clones from Leishmania, T. brucei, and T. cruzi (Table 4), suggesting that the encoded hypothetical proteins are a As predicted by computational and bioinformatic analysis of EST and GSS databases. Localization of the encoded products to plasma membrane (PM) and outside (OS) was determined by PSORT analysis (probability score, 0 to 1). The presence of N-terminal signal sequence was assessed by SignalP (probability score, 0 to 1), the score of 1 being considered maximum for both PSORT and SignalP. The GPI cleavage-attachment (C/A) site of three amino acids (, ϩ 1, ϩ 2) and a GPI addition signal sequence in the C-terminal region of the ORF were predicted by DGPI. "ϩ" and "Ϫ" signs represent the probability of the presence or absence, respectively, of a GPI C/A site or GPI addition signal.
not an artifact of cloning and in fact exist in T. cruzi as well as in other parasitic protozoans.
Antigenic potential of the selected candidates. For the selected genes (TcG1-TcG8) to be useful as vaccine candidates, it is essential that they are genomically conserved in a variety of clinically relevant strains and encode antigens that are expressed in different developmental stages of T. cruzi. We performed gene-specific PCR to evaluate the phylogenetic conservation of the selected genes in different T. cruzi strains. We found sequence homologues for all of the eight genes (TcG1-TcG8) in four different strains of T. cruzi by PCR (Fig. 2) . No amplification of a product with template DNA incubated with gene-specific forward or reverse primer established the specificity of the PCR (data not shown). Southern blot analysis further confirmed the phylogenetic conservation of TcG1-TcG8 in the clinically relevant parasite strains (data not shown).
Next, we examined the expression of the selected genes in different developmental stages of T. cruzi. The mRNA level for TcG1-TcG8 was determined by traditional semiquantitative RT-PCR. As shown in Fig. 3 , TcG1, TcG4, and TcG6 were amplified from the cDNA of all three stages of T. cruzi. The mRNAs for TcG2, TcG3, TcG5, and TcG8 were detected in epimastigote and amastigote forms, and TcG7 transcripts were amplified from the epimastigote and trypomastigote stages of the parasite. These results suggest that TcG1-TcG8 are expressed in infective (trypomastigote) and/or intracellular (amastigote) stages of the parasite, the clinically relevant mammalian stages. We validated the expression of TcG1-TcG6-encoded antigens in T. cruzi by Western blotting (data not shown).
The plasma membrane localization of TcG1-TcG6 in different developmental stages of T. cruzi was determined by flow cytometry. We detected immunofluorescent staining of the epimastigote, trypomastigote, and amastigote forms of T. cruzi with polyclonal serum to the selected antigens (Fig. 4) . While polyclonal serum to TcG1 (Fig. 4D , E, and F) stained all parasite stages at a substantial level (Ͼ50% positive), maximal staining for TcG2 ( Fig. 4G and H) and TcG4 ( Fig. 4M and N ) was detected at epimastigote and trypomastigote stages. Significant staining with TcG5-specific antibody was detected at epimastigote and amastigote stages ( Fig. 4P and R) , TcG6-specific antibody recognized trypomastigote and amastigote stages ( Fig. 4T and U) , and only marginal staining was detected with TcG3-specific antibody (Fig. 4J and L) . No fluorescence was detected when parasites were stained with NMS, Y3 antibody to MHC class I, or a polyclonal antibody to intracellular GPI8 protein of T. cruzi (Fig. 4A, B , and C), thus confirming the specificity of the immune staining with antibodies to parasite surface proteins. Antigenicity of the selected ORFs. To evaluate the antigenicity of the selected genes, we determined (i) elicitation of the antibody response to TcG1-TcG6-encoded proteins in mice by DNA immunization with antigen-encoding plasmids and (ii) agglutination-trypanocidal activity of the antisera to TcG1-TcG6-encoded proteins. Mice were immunized with the antigen-encoding plasmids, and sera were tested for parasite-specific antibodies by ELISA. As shown in Fig. 5 , in all mice immunized with the antigen-encoding plasmid (individually), a parasite-specific antibody response was elicited, with the maximal antibody level elicited in TcG2-and TcG4-immunized We monitored the agglutination-trypanolytic activity of the antigen-specific antibodies, since this property correlates with protection from T. cruzi infection (38, 44) . Considering that the epimastigote stage is susceptible to complement in an antibody-independent manner (12), we measured the agglutination of the epimastigotes after incubation with the antigenspecific polyclonal serum. Our data show that the agglutination capacity of anti-TcG2 antibody (Ͼ80% at a 1:16 dilution) was similar to that induced in chronically infected mice exposed to multiple parasite proteins ( Table 5 ). The polyclonal sera to TcG3 and TcG6 showed a ϳ70 to 80% agglutination efficiency, while TcG1-, TcG4-, and TcG5-specific polyclonal sera exhibited a 60 to 70% agglutination efficiency against epimastigotes at a 1:16 serum dilution (Table 5) . No agglutination was observed when epimastigotes were incubated with polyclonal antiserum to GPI8 (a parasite-specific intracellular protein), Y3 antibody to nonspecific MHC class I protein, or NMS, suggesting the specificity of the antibodies to the selected parasite surface antigens in initiating epimastigote agglutination.
The complement-dependent trypanocidal efficiency of the antigen-specific antibodies was measured against trypomastigote stage. As shown in Table 5 , trypomastigotes were maximally lysed (88 to 94% at a 1:4 dilution of the polyclonal serum plus complement) by TcG1-, TcG2-, and TcG4-specific polyclonal sera. TcG3-and TcG6-specific polyclonal sera exhibited 38 to 42% trypanocidal efficiency (1:4 serum dilution plus complement). No lysis was observed when trypomastigotes were incubated with heat-inactivated immune serum alone, complement alone, or heat-inactivated immune serum plus heat-inactivated complement (data not shown). Furthermore, no lytic activity was detected when trypomsatigotes were incubated with complement plus anti-GPI8 antibody, Y3 antibody to MHC class I molecule, or NMS, thus confirming the specificity of the lytic activity of the antibodies to the selected surface antigens.
DISCUSSION
In this study, we adopted a web-based bioinformatic screening approach to determine the utility of T. cruzi sequence databases to identify potential vaccine candidates. Our approach was based on six main experimental steps: (i) in silico analysis of the T. cruzi EST and GSS databases to determine the utility of each database in identifying both ORFs and genes encoding putative novel proteins destined for the periphery of the parasite, (ii) assessment of genomic conservation of the selected genes in diverse parasite strains and expression in different developmental stages of T. cruzi, (iii) use of DNA immunization to generate antigen-specific mouse immune sera, (iv) analysis of serum specificity by Western blotting and ELISA, (v) validation of antigen localization by flow cytometry, and (vi) assessment of the trypanolytic activity of the antigen-specific mouse immune sera.
By utilizing this screening approach, we have established the utility of the EST database in identification of ORFs encoding putative membrane-associated proteins that are potential vaccine candidates. The survey of ϳ2,500 EST and GSS sequences resulted in the identification of 19 sequences encoding nov- el, parasite-specific, putative membrane-associated proteins, of which 17 were identified from the EST database. An important observation from the literature that validates the predictions of our experimental approach is that TS and mucin family members have been identified as the membrane-associated proteins expressed as GPI proteins in T. cruzi (10, 11, 36) . A majority of these family members have also been classified as surface exposed by our analysis. Eight of the 19 sequences selected by computational analysis were successfully amplified to obtain the TcG1-TcG8 genes and further characterized at the molecular and antigenicity levels. Our data demonstrate amplification of variable-length TcG1-TcG8 genes from the genomic DNA of diverse, clinically relevant T. cruzi strains (Fig. 2) . Interestingly, except for TcG4, none of these genes were amplified from the genomic DNA of Leishmania and T. brucei, although sequence homologues to TcG1-TcG8-encoded proteins were found in a kinetoplastid database (Table 4) . In an ELISA assay, the antisera to TcG1-TcG6-encoded proteins did not recognize Leishmania and T. brucei antigens (data not shown). Together, these data suggest that the selected TcG1-TcG8 genes are highly conserved in the T. cruzi genome and that the antigens encoded by these genes might be immunologically unique to T. cruzi.
Interestingly, although we have not found homologues to the selected EST and GSS sequences in public databases, the availability of substantially more sequence information for the cloned ORFs resulted in the identification of homologues for TcG1-, TcG3-, TcG5-, and TcG8-encoded products. Among these, TcG1 and TcG8, identified as surface proteins by computational algorithms, were also recognized as membrane-associated proteins on the basis of significant homology to known surface proteins in public databases (Table 4) . TcG1 shows significant similarity to Leishmania Ldp23 by BLAST (P Ͼ e Ϫ59 ) and ClustalW (73 and 70% homology at the DNA and protein levels, respectively) analyses. Motif search tools identified the MHC class II binding epitope (KVFDE) in TcG1 that was used to identify Ldp23 (7). Additionally, similar murine MHC class I and class II epitopes and HLA-1 binding motifs are detected in TcG1 and Ldp23. Recombinant Ldp23 protein is shown to stimulate proliferation and production of cytokine (IFN-␥) from T cells purified from the lymph nodes of Leishmania-infected mice (7). The homology of TcG1 to Ldp23 and the presence of similar MHC class I and class II epitopes are in themselves suggestive of surface expression and immunogenic properties of TcG1. In this study, several observations establish the surface expression of TcG1 in different developmental stages of T. cruzi and suggest its antigenic potential as a vaccine candidate. These include the detection of mRNA (Fig. 3) and binding of the antigen-specific antibodies to the plasma membrane (Fig. 4) in all parasite developmental stages, agglutination and trypanocidal activity of the TcG1 polyclonal serum (Table 5) , and recognition of TcG1 by the antibodies induced in mice infected by T. cruzi.
TcG8 showed homology to ATP-dependent zinc metalloproteases, members of the AAA ATPase family (30) . AAA ATPases function in selective ion transport events, actin-based motility, membrane traffic, and numerous biosynthetic pathways and exist as cytosolic, transmembrane, or membraneassociated proteins (30) . The membrane localization of known AAA ATPases such as ABC transporter protein (21) and the significant homology of TcG8 to the AAA domain of members of the AAA ATPase family, however, support the possibility that TcG8-encoded antigen is expressed as a membrane protein in T. cruzi.
TcG3, on the basis of the presence of a DnaJ-binding domain, is identified as a homologue of the DnaJ family of heat shock proteins. In general, DnaJ family members are considered to be cytosolic proteins (20, 23) , although expression of DnaJ homologues (Tcj2 and Tcj4) on cellular membranes in T. cruzi has been reported previously (42) . The membrane FIG. 5 . TcG1-TcG6-encoded antigens elicit parasite-specific antibody response. ELISA was performed with polyclonal sera obtained from mice immunized with TcG1-TcG6-encoding expression plasmids. Sera from normal mice (NMS) and mice immunized with pCDNA 3.1 alone were utilized as negative controls. Serum from chronically infected mice (CMS) was used as a positive control. CMS  96  86  80  100  94  86  TcG1  90  82  68  92  68  42  TcG2  98  90  82  88  72  38  TcG3  92  85  76  42  24  0  TcG4  84  80  60  94  84  68  TcG5  86  74  68  0  0  0  TcG6  92  75  72  38  22  0 a Immune sera were obtained from mice immunized with TcG1-TcG6-encoding plasmids. Parasites incubated with NMS, Y3 antibody to nonspecific MHC class 1 molecule, and polyclonal antibody to intracellular GPI8 protein of T. cruzi were used as controls. Parasites incubated with CMS were used as a positive control.
b For agglutination assay, epimastigotes (5 ϫ 10 4 in 25 l of RPMI medium) were incubated for 4 h at 37°C with a 25-l serum sample, and free, nonagglutinated epimastigotes were counted.
c For trypanolytic assay, trypomastigotes (5 ϫ 10 4 in 25 l of RPMI medium) were incubated for 4 h at 37°C with a 25-l serum sample plus 25 l of human complement, and free, live trypomastigotes that did not take trypan blue stain were counted. No trypomastigote lysis was observed with heat-inactivated immune serum alone, complement alone, or heat-inactivated immune serum plus heat-inactivated complement. association of TcG3 is suggested by a PSORT probability score of 0.6 for the plasma membrane. We detected immunostaining with anti-TcG3 antibody, albeit at low levels, at all three stages of parasite development (Fig. 4) . Similarly, anti-TcG3 polyclonal serum showed marginal agglutination and trypanolytic activity (Table 5 ). Given the above observations, the inability to detect TcG3-specific mRNA at the trypomastigote stage (Fig. 3) , and the low titer of anti-TcG3 antibodies (Fig. 5) , we surmise that TcG3 is expressed at a very low level on the parasite surface and may not serve as an excellent antigenic target.
It is interesting that the cloned, full-length TcG5 gene showed significant homology to the gene encoding elongation factor 1␣ of trypanosomes, noted to be expressed as cytosolic or nuclear protein in different developmental stages (5) . The substantial binding of the TcG5-specific antibodies to the surface of epimastigote and amastigote stages in flow cytometry analysis (Fig. 5 ) and the agglutination capacity against the epimastigote stage (Table 5 ) are therefore somewhat surprising. However, limited or no expression of TcG5 at mRNA (Fig.  3) and protein (Fig. 4 ) levels in the trypomastigote stage correlates with the lack of lytic activity of the TcG5-specific polyclonal serum ( Table 5 ) and suggests that TcG5, even if surface expressed, may not be efficiently recognized by the host immune response.
The four genes TcG2, TcG4, TcG6, and TcG7 exhibited no clear paralogue in the public databases. However, for the purpose of assessing the antigenic potential of the products of these genes, our data show that the four genes are expressed, both at the mRNA and protein levels, in the trypomastigote and/or amastigote stage of T. cruzi ( Fig. 3 and 4) (our unpublished data). The antigenic potential of TcG2, TcG4, and TcG6 is demonstrated by the observations that the encoded antigens were detected by CMS in Western blotting (unpublished results) and elicited antibodies that bound to the parasite surface (Fig. 4) and exhibited trypanolytic and agglutination activities (Table 5 ).
In conclusion, we demonstrate the power of bioinformatic analysis and the experimental system reported here in the identification of novel parasite-specific proteins that have potential utility as vaccine candidates. Specifically, our data show that the EST, but not the GSS, database is an efficient resource for the identification of potential ORFs. Screening of the 924 ESTs identified 348 sequences for putative novel proteins of unknown function, of which 17 were identified to encode putative secreted or membrane-associated GPI proteins by our selection criteria. In comparison, screening of 1,493 GSS sequences resulted in the identification of only two ORFs for putative secreted or membrane-associated GPI proteins. Among the selected candidates screened by in vitro studies, TcG1, TcG2, and TcG4 elicited maximally potent trypanolytic antibodies, which is in agreement with the intensity of the surface expression of these antigens in infective and intracellular stages. Accordingly, these candidates are being evaluated to determine their potential to induce protective immunity against T. cruzi infection and disease.
